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ELUCIDATION OF BURST PHENOMENA IN TURBULENT
BOUNDARY LAYERS THROUGH COHERENT STRUCTURE
W.W. Willmarth
Department of Aerospace Engineering
The University of Michigan
Ann Arbor, Michigan .
ABSTRACT
The present knowledge of the turbulent

nature of the upstream flow field.

Vorticity

structure of boundary layers is reviewed and
summarized. The work of several primary in

pact understanding of the dynamics of turbu

considerations are valuable for a more com
lence.

The basic equations for the vorticity

vestigators of the bursting phenomenon is

have been discussed in a concise form by

discussed.

Whitham (1963), for example.

Models for the coherent structure

are proposed based on the results of these

An illuminating

discussion of the application of these con
cepts of vorticity production, diffusion and
convection to the flow observed in boundary

investigations.
INTRODUCTION
During the past ten years there has been

layers developed on rigid walls has been pre
sented by Lighthill (1963). We will use the
concepts discussed by Lighthill as a frame
work to aid in our understanding of the burst

a veritable explosion in the quantity of
research concerned with the structure of tur
bulence. The use of visual methods and of

sequence and its cyclical occurrence.

data processing by digital computer has
allowed a rapid increase in our knowledge of
turbulent structure in boundary layers. This

There are three fundamental aspects to
be discussed. The first is the elucidation
of the localized phenomena involved in a co

knowledge is far from complete, but many
recent advances make it profitable to review

herent burst structure near the wall. The
second is the development and randomization
of the localized coherent burst structure as

and summarize the present situation.
Kovasznay (1970, 1972), Laufer (1972),
and Mollo-Christensen (1971) have reviewed

it enlarges and is carried downstream.

The

third is the process of interaction of the

various aspects of these new results.
Kovasznay and Laufer describe the status of

outer flow field, containing the debris from
the upstream boundary layer flow, with the
region near the wall in which new localized
burst structures are created.

research on turbulent boundary layers and
treat some aspects of research on turbulent
structure. Mollo-Christensen has discussed

Kovasznay (1967) has discussed the divi
sion of the boundary layer into four main
regions. The first is the wall region in

the physics of turbulent flow and includes a
detailed discussion of the transition process.
Since their papers were published new results
bearing on the phenomena associated with co
herent structures in turbulent boundary layers

which the flow is dominated by the presence
of the wall. But the wall region is affected
by the outer flow through the agency of the
pressure field which can alter the wall shear

have been obtained. Willmarth (1975) has
reviewed this knowledge of turbulent struc
ture and included new experimental informa

stress. Within the wall region the appropri2
ate time and length scales are v/u* and v/u*,

tion in an attempt to describe our present
understanding of the sequence of development
of coherent structures, or bursts, and the
cyclical occurrence of these bursts. In this
paper we describe this interpretation.

where v is the kinematic viscosity and
u* * /x/p is the friction velocity. Here t
is the wall shear stress and p is the fluid
density.
Adjacent to the wall is the second region,

FLOW DEVELOPMENT IN TURBULENT BOUNDARY LAYERS

the viscous sublayer, within which the fluid
viscosity plays a dominant role in suppressing
turbulent fluctuations. The outer boundary of
the sublayer is not definite but the width of

At high Reynolds number when turbulence
occurs in a boundary layer the flow structure
at a given point is highly dependent upon the
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the sublayer is generally conceived to be of
the order of five wall length scales, 5v/u*.

the spanwise mean vorticity is concentrated
very near the wall. The concentration of span-

Within the sublayer the pressure gradient pro

wise mean vorticity is accomplished by the

duced by the outer flow field has a strong

creation of large contributions to Reynolds

influence upon the flow since the inertial

stress in which the low-speed fluid near the
wall is exchanged or replaced with high speed

forces in the Navier Stoke equations of mo
tion are small relative to the viscous forces.
Above the wall region lies the third

fluid from regions farther from the wall.

outer, wake-like region.
In this region the
appropriate length and time scales are the
boundary layer thickness, 6, and 6/U^ where

Visual observations of Kline and his col
leagues, Kline et al. (1967), Kim etal. (1971),
and Offen and Kline (1973, 1974) and also those
of Corino and Brodkey (1969) and Nychas et al.

UB is the free stream velocity. Within the
outer region the viscous forces are small com
pared to the inertial forces. The boundary

(1973), indicate that the turbulent fluctua
tions near the wall that are responsible for
most of the Reynolds stress are large and

between the wall region and the outer wake

highly intermittent. One concludes from this
that near the wall the vorticity fluctuations
are also intermittent and accompany the large
intermittent contributions to Reynolds stress.
Lighthill also emphasized that near the
wall in a boundary layer only the process of

like region is also not definite.

Its

loca

tion is also a function of Reynolds number.
At low Reynolds number the wall region extends
much farther, relative to 6, from the wall
than at high Reynolds number.
Between the outer region and the poten
tial flow above the boundary layer lies a thin
interfacial region which Corrsin and Kistler

stretching of existing vorticity can explain
how the gradient of mean and fluctuating vor
ticity is maintained in spite of the tendency
for viscous diffusion down the gradient.
The visual observations of Kline and his

(1955) called the superlayer. Within the
superlayer the initially irrotational outer
potential flow acquires vorticity through the
agency of viscous forces produced by turbulent

colleagues have led them to the conclusion
that the important flow phenomena responsible
for Reynolds stress production near the wall
are characterized by a recognizable sequence

motions within the wake region.
Although the boundary layer has been par
In this sequence marked fluid ele
titioned into four reasonably definite regions of events.
ments in the sublayer are observed to gradu
it has become apparent that there is a strong
interaction between the outer wake-like region ally accumulate and lift up after which they
undergo a sudden oscillation followed by an
and the wall region within and just above the
apparently violent process termed bursting and
sublayer. We shall discuss the latest flow
ejection in which they migrate rapidly away
visualization studies of Nychas et al. (1973)
from the wall. Their observations are entire
and Offen and Kline (1973, 1974) which show
ly consistent with those of Corino and Brodkey
that erruptions of fluid from deep within
(1969) who observed a high shear layer near
the wall region emerge outward as they are
carried downstream and contribute to the cor
rugations of the superlayer.
Also Offen and
Kline (1973) and Falco (1974) have observed
large-scale irrotational fluid parcels within
the boundary layer that extend deeply into the

the wall containing large spanwise vorticity
that is involved in the burst.
The flow model of this process that was
proposed by Offen and Kline (1973) and inde
pendently by Tu and Willmarth (1966) consists

of a concentration of spanwise vortex lines
which develop a kink when "liftup" occurs.
LOCALIZED BURST STRUCTURE NEAR THE WALL
After "liftup" the kink becomes a hair-pin
There have been many different investiga
shaped accumulation of vortex lines that are
tions which have produced new information
severely stretched as the "head" of the hair
about the coherent structure of turbulent
pin shaped concentration of vorticity is
bursts near the wall. Lighthill (1963) has em
carried rapidly downstream by the higher speed
phasized that in the turbulent boundary layer

wall region.
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flow farther from the wall.
Kline et al.
(1967) had also proposed this model for the
breakup of the streaky sublayer structure
which they observed before measurements of
Reynolds stress contributions substantiated
the importance of the bursting process.
At the present time the significance of
the initial phases of the burst sequence and
of the resulting contributions to Reynolds
stress that were visually estimated have been
documented by numerous quantitative measure
ments using hot-wires. The work of Blackwelder and Kaplan (1972), Willmarth and Lu

ments of wall pressure and streamwise velocity
and of wall pressure and velocity normal to
the wall were anti-symmetric in the stream
direction about the position of the wall pres
sure transducer. However, near the wall a
significant swept back structure was apparent.
The correlation measurements of wall
pressure and spanwise velocity fluctuations
were significantly different. They showed
primarily the downstream convection of a spanwise shearing motion which became weaker as
the velocity probe was moved downstream and
farther from the wall. The correlation was
still measureable at distance from the wall of
yu*/v = 3000 when the streamwise separation
between the wall pressure transducer and the
spanwise velocity sensor was xu*/v = 20,000.
The spatial arrangement of the isocorrelation
contours suggests that the correlation pat
tern is caused by an enlarging, convected dis
turbance containing streamwise vorticity.
This interpretation is supported by the
measurements of Tu and Willmarth, reported in
Willmarth and Lu (1971) and Willmarth (1975),
of the correlation between fluctuations in
streamwise velocity very near the wall and the

(1971) , Lu and Willmarth (1973), Wallace etal.
(1972) and Gupta et al. (1971) represent recent
contributions which appear to us to substanti
ate various aspects of the burst sequence. A
detailed discussion of this aspect has been
given by Willmarth (1975).
THE EVOLUTION OF BURSTS EMERGING FROM THE WALL
The evolution of the initially coherent
burst structure as it moves away from the wall
and is carried downstream has not yet been
studied in detail. The formulation of experi
ments that would shed new light on the evolu
tion of the coherent vorticity pattern is very

streamwise vorticity downstream farther from
the wall. The measurements may be interpreted

difficult. It appears to us that reliable
methods must be devised to detect and measure
the fluctuating vorticity components before
significant progress can be expected. Our
present understanding of the problem of the
evolution of the burst structure is based upon
measurements involving long time space-time
correlation measurements of various flow
quantities.

as a swept back pattern of streamwise vorticity
enlarging and rising slowly away from the wall
as it is convected downstream. The vorticity
measurements were severely attenuated by the
relatively large size of the vorticity probe
used for the measurements, Re0 was approxi
mately 38,000.
The recent measurements of small scale
wall pressure patterns by Emmerling (1973) and
Emmerling et al. (1973) have revealed that
very small scale intense pressure fluctuations
occur near the wall. The scale is surprising
ly small, less than 50v/u*, for intense pres
sure changes produced by slowly convecting
patterns which must be very near the wall
since their convection speed was of the order

The first space-time correlation measure
ments of Favre and his colleagues, Favre etal.
(1957, 1958) revealed significant new informa
tion. Their measurements showed that streamwise velocity fluctuations emanating from the
wall region were convected for surprisingly
large distances at approximately the average
local mean speed between an upstream point
near the wall and a point downstream farther
from the wall. Willmarth and Wooldridge (196 3)
and Tu and Willmarth (1966) found a similar
behavior for space-time correlation measure
ments of the wall pressure and of the three
velocity components at various points within
the boundary layer. The correlation measure

of 0.4 UB .
The problem is to observe and document
the evolution of small scale structures
created near the wall as they evolve and are
carried downstream. The recent visual obser
vations of Falco (1974), who described the
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scale and appearance of certain large scale

the fundamental problem of the structure of

"typical eddies" in a smoke filled boundary

turbulence in boundary layers.

layer, may indicate the nature of the eventual

A number of investigators have proposed

state of the flow disturbances associated with

that the pressure disturbances in the wall

"bursts" of turbulence near the wall.

region are responsible for the cyclical

Willmarth (1975) has suggested a possible
explanation for this evolutionary process
involving the stretched "legs" of streamwise

process of bursting.

vorticity that make up the hair pin shaped
vorticity concentration associated with a
burst. The mechanism is simply the mutual

the bursts),

(1973) and Offen and Kline (1973, 1974).
The
visual observations of Offen and Kline (1973,

induced velocity produced by a counterrotating
pair of vortices which have the correct direc

1974) were designed to investigate the inter
action between the outer and the wall regions.

tion of rotation in the "legs" of the hair pin
shaped burst structure to cause outward motion

They used a combination of dyed fluid at the
wall of one color, hydrogen bubbles shed from

of the vortex pair in a direction away from the
wall. The motion will undoubtedly become more

a wire normal to the wall, and a dye filament

random and irregular as the stretching of the
vortex lines continues and the vorticity field

the wall to observe simultaneously the flow
disturbances and interactions between the
inner and outer parts of the boundary layer.

These include Kovasznay

(who suggested to the senior author in 1971
that the wall pressure should correlate with

interacts with itself in a highly nonlinear
and irregular manner.
Hamma (1962, 1963) has

Laufer (1972), Nychas et al.

of another color injected into the flow above

The result of their observations was that
the bursting process is cyclical beyond rea

performed numerical computations of the
deformation of curved vortex filaments pro

sonable doubt.
The gist of their work is that
the vorticity produced during the bursting
sequence is observed to emerge from the vicin
ity of the wall as it is carried downstream

duced by mutual induction which suggests to us
the nature of the evolution of the coherent
burst.
As stated above, methods for measuring
the vorticity components should be developed.
Also, methods to recognize the burst pattern

and leaves the place of its origin.

Often

this vorticity was observed to interact
and/or combine with other similar accumula
tions of vorticity to make a larger accumula

must also be developed since the initially
coherent structure near the wall has itself
not been easily recognizable except by the
skillful use of visual methods at quite low

tion of vorticity.
This, according to Offen
and Kline (197 3) , was akin to the two-dimen
sional vortex pairing process studied for some

Reynolds numbers when the bursts are relative

time by Browand and reported recently by
Winant and Browand (1974). As these larger

ly large.

scale accumulations of vorticity, which are
generally in the outer wall region but not the
wake region, pass over the dye at the wall,
wallward-moving disturbances are observed in
the outer dye filament and then the wall dye
indicates the burst sequence of lift up, then
sudden oscillation followed by bursting and
ejection. The sequence after sudden oscilla
tion occurred was not always completed but
would on occasion subside. The sequence would
begin again when another accumulation of vor
ticity in the outer region passed over the wall.

THE CYCLICAL OCCURRENCE OF BURSTS
Rao et al. (1971) have made measurements
of the mean time interval between "bursts".
They have also summarized the work of other
investigators and concluded that the mean time
between turbulent bursts is constant when
scaled with the time scale, 6/U^, of the outer
wake-like region of the boundary layer. Their
results suggest that the outer flow field is
in some way responsible for the cyclical
occurrence of "bursts". The suggestion that
there is an interaction between the outer and
the wall regions of the boundary layer is not
a new idea.
Indeed, Laufer (1972) has stated
that an understanding of this interaction is

Offen and Kline (1974) have proposed a
model for the cyclic process.
Quoting from
their paper:
"This model is based on the
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hypothesis that the slow-speed wall streak be

adverse gradient is large enough and lasts

haves as a boundary layer within the conven

long enough, a low-speed region is developed

tionally-defined turbulent boundary layer.

near the wall which contains reduced spanwise

Due to a temporary, local, adverse pressure

vorticity and is bounded from above by a high

gradient, this inner boundary layer separates,

shear layer.

or lifts up from the wall. The pressure
pulsation is probably imposed upon the slowspeed streak by a wallward-moving disturbance

and Brodkey (1969) observed near the wall just
before a burst occurs. They stated that in
the low-speed region near the wall deficien

that originated in the logarithmic region of
the turbulent boundary layer."

cies as great as 50% of the local mean veloc
ity were observed.

Our contribution here is

that since both the fluid near the wall and

Willmarth, with the aid of V. Kibens,
R. Winkel and D. Christians,

Note that this is what Corino

the adverse pressure field produced by the

(reported in

Willmarth, 1975) has performed an experiment

vorticity from previous bursts in the outer

in which the wall pressure during bursting is
measured by conditional sampling. The condi

fluid are moving downstream, there is more
time for the fluid near the wall to be affected

tionally sampled Reynolds stress was also
determined. The experimental results show

(i.e. deaccelerated), than would normally be
the case, thus the vorticity produced at the

that the conditionally sampled wall pressure
is lower than the mean and of large scale

wall (with opposite sign to mean vorticity)
will accumulate in this region as time goes by.
The high shear layer that is produced above

during bursting when much smaller scale con
tributions to Reynolds stress occur.
The result that the conditionally sampled
v/all pressure is low at the time of burst
detection indicates that before burst detec
tion the pressure gradient experienced by the
fluid near the wall that is later involved in
the burst was adverse (i.e., the pressure
downstream was higher).
This, coupled with

the low-speed fluid is unstable and is the
source of the vorticity that is later stretch
ed and incorporated in the ejection and
chaotic motion in the bursting sequence.
To
conclude: We believe that the initiation of a
burst is caused by a convected "massaging" ac
tion that acts on the low-speed sublayer fluid.
This creates an unstable high shear layer near
the wall.

the fact that the region of adverse pressure
gradient is of relatively large scale, is in
agreement with Offen and Kline's (1974) pro
posed mechanism for low-speed streak lift up
at the beginning of the burst sequence.
In
addition to Offen and Kline's proposed mech
anism we add the fact that near the wall the
inertial forces are small so that in the sub
layer the important terms in the momentum
equation are the pressure gradient and stress
terms. Therefore, the fluid near the wall is
prepared for the burst sequence by the con

The massaging action is produced by

the adverse gradient portions of the wall pres
sure that accompany the convected large-scale
vorticity from previous bursts, as observed by
Offen and Kline (1974).

vected large-scale vorticity in the outer flow
which creates a moving field of adverse and
favorable pressure gradients.
These moving
pressure fields act on the sublayer flow and
push the moving fluid parcels in the sublayer
about.
The action of the convected adverse pres
sure gradient upon the sublayer near the wall
will generate new vorticity at the wall with
sign opposite to the mean vorticity.
If the
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It is significant to note that Elliott's
(1972) recent paper contains measurements of
the coherence and phase between pressure and
velocity near the wall in an atmospheric
boundary layer. Elliott found that for largescale pressure fluctuations the streamwise
velocity near the wall was in phase with the
pressure at the wall. That is to say that the
eddies with a scale as large or larger than
their distance from the wall "feel" the wall
so that a positive wall pressure will occur
when downward moving fluid, typically of
higher-than-average u, is decelerated upon
contact with the boundary.
If one looks care
fully at the flow ahead of the low-speed lift
up in Offen and Kline's (1974) photographs one
finds a large downward motion just downstream

of the lift up.

This produces a high pressure

scale.

downstream of lift up so that an adverse gra

Perhaps the vorticity measurements will

lead to the ability to recognize burst struc

dient just upstream of the convected high-

tures as they evolve during the time they are

pressure region acts on the fluid in the sub

carried downstream by the mean flow.

layer and creates near the wall an unstable
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DISCUSSION
W. K. Blake, Department of the Navy, Bethesda, Maryland:
What does a vorticity meter look like?

Lu, S.S. and Willmarth, W.W. (1973). Measure
ments of the structure of the Reynolds
stress in a turbulent boundary layer.
J. Fluid Mech. £0, 481.

Willmarth:

A streamwise vorticity probe using hot wires

consists of 4 hot wires mounted on 4 needles.

Each wire

is included at an angle of the order of 45 to 60 degrees

Mollo-Christensen, E. (1971). Physics of
Turbulent Flow, Am. Inst. Aero. Astro.
J., 9, 1217.

to the flow, see Kovasznay's article and sketch of
Kistler's original design in The Princeton series High

Nychas, S.G., Hershey, H.C., and Brodkey,
R.S. (1973). A visual study of turbulent
shear flow. J. Fluid Mech. 6_1. 513.
Offen, G.R. and Kline, S.J. (1973). "Experi
ments on the Velocity Characteristics of
'Bursts' and on the Interaction Between
the Inner and Outer Regions of a Turbu
lent Boundary Layer." Rep. No. MD-31.
Dept. Mech. Eng. Stanford University,
Stanford, California.

Speed Aerodynamics and Jet Propulsion in the volume on

Offen, G.R. and Kline, S.J. (1974). Combined
dye-streak and hydrogen bubble visual
observations of a turbulent bounary
layer. J. Fluid Mech. 62, 223.

the coherence length of the wall pressure was very long

Physical Measurements in Gas Dynamics and Combustion.
No reliable cross-stream fluctuating vorticity probes
have been developed as yet, to the best of my knowledge.
Jack Hansen, NRL:

The thing I thought was most surprising

about what you presented was the fact that in the inter
ferometer photographs that you showed it appeared that
in the spanwise direction, whereas, what we see in the
dye pictures is that the streaky structure has long co

Rao, K.N., Narasimha, R., and Badri Narayanan,
M.A. (1971). The "bursting" phenomenon
in a turbulent boundary layer. J. Fluid
Mech. £8, 339.

herence length in the streamwise direction.

I wondered

if you had any comment as to the physical reason for this.

Tu, B.J. and Willmarth, W.W. (1966). "An
Experimental Study of Turbulence Near
the Wall Through Correlation Measurement^
in a Thick Turbulent Boundary Layer,"
Tech. Rep. No. 02920-3-T. Dept. Aerosp.
Eng., University of Michigan, Ann Arbor

Willmarth:

For very intense small scale pressure fluctu

ations near the wall the dye streaks are probably oblit
erated

a) because the streaks are associated with weak

flow (vorticity fluctuations) and

b) because the streaks

are probably lifted up and may be involved in the intense

Wallace, J.M., Eckelmann, H., and Brodkey,
R.S. (1972). The wall region in turbu
lent shear flow. J. Fluid Mech. 5£, 39.
Whitham, G.B. (1963). The Navier-Stokes
equations of motion.
In "Laminar Bound
ary Layers" (L. Rosenhead, ed.), Chapter
III, pp. 121-124. Oxford Univ. Press,
London and New York.

small scale vorticity pattern that causes the intense

Willmarth, W.W. and Lu, S.S. (1971). Struc
ture of the Reynolds stress near the
wall. J. Fluid Mech. 55, 481.

low.

small scale pressure fluctuations.
For large scale pressure fluctuations a number of
streaks are probably all pushed around together since I
think they involve weak streamwise vorticity near the
sublayer where the streamwise momentum of the fluid is

Comte-Bellot:

You explain why the burst period scales

with the outer parameters of the flow, but do you have

Willmarth, W.W. and Wooldridge, C.E. (1962).
Measurements of the fluctuating pres
sure at the wall beneath a thick turbu
lent boundary layer. J. Fluid Mech. 14,
187 .

an idea of what would be the scales or parameters rele
vant to the burst duration?

Willmarth, W.W. and Wooldridge, C.E. (1963).
Measurements of the correlation between
the fluctuating velocities and the fluc
tuating wall pressure in a thick turbu
lent boundary layer. AGARD Rep. 456.

Willmarth:

I think that no one has reliable measured

durations.

Now I think that if one could measure burst

durations the duration would be longer as one moves away
from the wall.
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John Laufer, Univ. of Southern California:
like

to comment on the last question.

I would

I think the

basic problem is the method of detection.

The burst

of the tank's base.

We have postulated that this re

sistance of dilute polymer solutions to vortex stretch
ing is the mechanism by which a dilute polymer solution

duration time depends greatly on the method of detec

inhibits turbulence production and thereby reduces drag

tion and at the present time I think everybody agrees

in turbulent boundary layers.

that the method of detection is not go«d enough yet.

In our two-dimensional channel experiments, we have
the opportunity to view the wall layer structure in an
end view.

May I also comment in a general way.

As Dr.

Willmarth indicated this is an extremely active field
and practically every month a new publication appears
in the literature.

I think he has done an excellent

Observation with this end-view supports your

statement that the streaks have relatively little if
any streamwise vorticity before they lift away from the
wall.

Once the streaks lift and during bursting one

does see streamwise vorticity.

job in giving us a good overview of the subject matter.
Of course, everybody likes to look at this problem from
his own point of view and I would like to briefly indi
cate my feeling on the subject matter. He quoted me
correctly in that one of the central problems is to
try to find the dynamic coupling between the inner and
outer regions of the boundary layer.

that would help the experimentalists to better plan the

to the sequence of events leading to sublayer bursts.
To summarize Tani's review in the First Annual Review
of Fluid Mechanics:

(1)

We all know

the presence of the so-called turbulent bumps 1n the
outer region using Kovasznay's nomenclature.

These

Schlichting waves.
(2)

contains a system of longitudinal vortices which exhibit
a periodic spanwise structure.
(3) Apparently due to their self-induced velocity
these vortices lift-off from the wall.
(4)

velocity producing a large scale pressure field in the
x direction that lets Itself be felt on the surface.

In fact, 1t determines the curvature of the velocity
profile at the wall.

of appreciable higher local velocity causes a localized
region of high shearing action to be formed away from

A positive pressure gradient pro

the wall.
(5)

setting up the conditions for the bursting to occur.

The localized shearing action Induces velocity

profiles which are unstable.

I want to add that there are many other

explanations for the bursting mechanism.

This displacement of fluid from near the wall

possessing relatively low streamwise velocity to a region

duced by the "bump" decelerates the flow near the wall

Willmarth:

As this disturbance develops in the streamwise

direction a three-dimensional disturbance appears which

bumps move slightly slower than the free stream veloc
ity and therefore they Interact with the free stream

The process of transition begins as a two-

dimensional wave disturbance known as Tollmein-

This coupling could be de

scribed in terms of the pressure field.

Many elements of the process of turbulence

origins in the transition region are strongly similar

If one has some

kind of physical picture that is nearly correct I think
next step of measurement.

R. E. York:

(6)

K U n e and

Vortices, 1n hairpin shape, are shed from the

leading edge of this high shear instability to form

Offen have another explanation for what streaks are

large structured turbulence which eventually decays to

and how they regenerate.

smaller scales downstream.

This is still an open sub

ject for anyone who wants to do new work in turbulent
structure.

Indeed, the stages (2) through (6) are completely

I also think that one may profitably look

consistent with the burst cycle observations of Kline,

at the dynamic link from the point of view of vorticity.

Bill Tiederman, Oklahoma State:

et al.; Brodkey, et a l . and Willmarth, et al.
If the process of turbulence generation In the

I believe your emphasis

on cyclic behavior and vortex stretching is also appro

transition region Is but an Isolated spatial event,

priate and Important to our understanding of the mechan

identical to the bursting events occurring continuously

ism by which long-chain polymers reduce drag.

beneath the fully turbulent boundary layer, then the

Ron

Gordon has conducted sink-vortex experiments in which

phenomena are not dependent on the scales of the large

he showed that very dilute concentrations of long-chain

eddy structure of the outer region as they are not pre

polymers are sufficient to Inhibit the complete forma

sent during transition.

tion of a vortex even when the tank 1s vigorously

fore not be an interaction (indeed Nychas, et al. observ

stirred prior to removal of the drain plug 1n the center

ed an Irregular sequence of outer and inner motions prior
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The bursting event would there

to bursts) but a completely self-induced instability

disturbances and obtained the wall pressure fluctua

and should depend on only inner scales.

tions alone.

The proper amount of subtraction was de

termined by minimizing the mean-square difference of

Any appearance of outer scaling would, under the
above hypothesis, be a consequence of bursts rather

the two signals.

than be attributable to a causative factor.

and coherence lengths.

This pre

We didn't measure cross correlations
We measured wall pressure fluc

sumably could be the consequence of regular development

tuations of large scale relative to the microphone di

of the mass ejected from the sublayer during bursts in

ameter.

to large scale, dominantly transverse eddies.

was about 6 inches or 24 times wall pressure trans

Regular

Note also that the boundary layer thickness

ity in eddy sizes or scales would be enforced by the

ducer diameter.

requirement that entrained energy from the free stream

the large scale wall pressure fluctuations.

must balance the energy fed into turbulence, and lost
in the mean-flow sense, by the sublayer bursts.
Unquestionably, the inner and outer region flows
are closely coupled and a multiplicity of scaling laws
are possible.

The apparent success of outer scaling

must not be used at this early stage of the renaissance
of Turbulence Research, also known as "Coherent Struc
tures", to insist on an inner-outer interaction as the
sole possible source of bursts.

Identification of burst

signatures is still highly subjective and therefore
sensitive to initial concepts.

Let us therefore care

fully maintain a completely open-minded inquisitiveness
as these new concepts of turbulence are explored.
Laufer:

In making any comparison between the dynamics

of the coherent structures and the transition process,
one should separate the turbulent spot formation problem
and the spot itself.

There is more and more evidence

that the large coherent structures behave very similar
ly to the turbulent spots.

The characteristic bump of

a spot might indeed play the same dynamic role as the
turbulent "bumps" associated with the coherent struc
tures.

However, 1t 1s not clear at this point whether

or not the turbulent spot formation and the bursts could
be described by the same mechanism.
Willmarth:

You may find that the structure in turbu

lence spots and bursts may be similar when looked at
from the point of view of vorticity.
Gary P. Corpron, Foxboro Company, Foxboro, Mass.:
Please describe the size and type of pressure trans
ducers used to measure the vorticity induced pressure
fluctuations at the wall and also would you tell us
something about the coherence length of the eddies as
measured with these transducers.
Willmarth:

The pressure transducers were 1/4-inch dia

meter B & K condenser microphones.

One was flush with

the wall, the other at the stagnation point of a
streamlined body above the boundary layer.

By subtract

ing the proper amount of the free stream signal from
the wall pressure signal we eliminated wind tunnel fan
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There was no difficulty in resolving

